Seed size is a key determinant of evolutionary fitness, and is also one of the most important components of seed yield. In angiosperms, seed development begins with double fertilization, which leads to the formation of a diploid embryo and a triploid endosperm. The outermost layer of the seed is the seed coat, which differentiates from maternal integuments. Therefore, the size of a seed is determined by the co-ordinated growth of the embryo, endosperm, and maternal tissue. Recent studies have identified several factors that act maternally or zygotically to regulate seed size, and revealed possible mechanisms that underlie seed size control in Arabidopsis and rice. In this review, we summarize current research progress in maternal control of seed size and discuss the roles of several newly identified regulators in maternal regulation of seed growth.
Introduction
Seed size is crucial for evolutionary fitness in plants, and is also an important agronomic trait in crop domestication. Large seeds accumulate sufficient nourishing substances for germination and have better tolerance to abiotic stresses, whereas small seeds are efficient at dispersing and colonizing (Westoby et al., 2002; Moles et al., 2005) . In crops, seeds are the major products for consumption, and seed size is one of the most important traits of seed yield. Since the beginning of agriculture, crop plants have undergone selection for larger seed size during domestication (Song et al., 2007; Shomura et al., 2008; Fan et al., 2009) . In various species, seed size variation is remarkably large (Fig. 1) . However, how plants know and determine their seed size is almost unknown.
In angiosperms, seed development is a pivotal process in the plant life cycle. Seed development begins with double fertilization, which leads to the development of the embryo and the endosperm (Chaudhury et al., 2001) . One of the two sperm cells fuses with the egg cell to form the diploid zygote. The zygote undergoes elongation and a progressive transition to establish the basic embryo pattern (Fig. 2C ) (Chaudhury et al., 2001) . The embryo possesses a shoot meristem, cotyledon(s), hypocotyl, root, and root meristem. The other sperm cell fertilizes the diploid central cell to generate the triploid endosperm (Chaudhury et al., 2001) . Endosperm development in flowering plants progresses through four phases: syncytial, cellularization, differentiation, and death (Berger, 1999) . In monocots such as rice (Oryza sativa) and wheat (Triticum aestivum), the endosperm constitutes the major part of the mature seed (Fig. 2E) . In most dicots such as Arabidopsis thaliana and Brassica napus, the endosperm grows rapidly initially and is eventually consumed in later stages. Thus, the embryo occupies most of the mature seed ( Fig. 2D) (Chaudhury et al., 2001) . The maternal integuments surrounding the developing embryo and endosperm form the seed coat after fertilization (Chaudhury et al., 2001; Sundaresan, 2005) . Integument primordia initiate from the flanks of the chalaza during the early stage of megasporegenesis. These two primordia grow and enclose the functional megagametophyte and become the inner and outer integuments, respectively ( Fig. 2A, B) (Klucher et al., 1996; Yang et al., 2010) . After fertilization, the integuments undergo cell differentiation, accumulate pigments, mucilage, and starch granules, and eventually form mature seed coat (Beeckman et al., 2000; Windsor et al., 2000) . Therefore, seed development is influenced by the co-ordinated growth of the diploid embryo, the triploid endosperm, and the maternal integuments.
Growth of plant seeds up to their species-specific size is predominantly determined by the internal developmental signals from maternal sporophytic and zygotic tissues, although the growth of seeds is affected by environmental cues (Li et al., 2008; Kesavan et al., 2013) . During the early stages of seed development, the endosperm grows faster than the embryo, and the increase of the seed volume is in concordance with the growth of the endosperm (Sundaresan, 2005) . Several factors that regulate endosperm growth have been identified to control seed size in Arabidopsis (Garcia et al., 2003; Luo et al., 2005; Zhou et al., 2009) . For example, HAIKU1 (IKU1), IKU2, and MINISEED3 (MINI3) function in the same genetic pathway to promote endosperm growth (Garcia et al., 2003; Luo et al., 2005) . SHORT HYPOCOTYL UNDER BLUE1 (SHB1) binds to the promoters of MINI3 and IKU2 and regulates their transcription to promote endosperm growth (Zhou et al., 2009) . Loss-of-function mutants in these genes formed small seeds. The small seed size phenotype of these mutants is determined by the genotype of zygotic tissues rather than the genotype of maternal tissues, indicating that these genes act zygotically to regulate seed growth. Genetic control of seed size by these genes has been discussed in several excellent reviews (Sundaresan, 2005; Sun et al., 2010; Kesavan et al., 2013) . In contrast, several factors that act maternally to regulate seed size have recently been described in plants (Jofuku et al., 2005; Ohto et al., 2005; Li et al., 2008; Adamski et al., 2009; Xia et al., 2013) . In these cases, seed size is determined by the genotype of maternal tissues rather than the genotype of zygotic tissues. The maternal integuments surrounding the ovule form the seed coat after fertilization, which provides the cavity for the growth of the embryo and the endosperm. The seed coat has been proposed to set an upper limit to the final seed size (Adamski et al., 2009; Fang et al., 2012; Xia et al., 2013; Du et al., 2014) . Recent studies have revealed that the ubiquitin pathway, transcription factors, G-protein signalling, and hormone signalling are involved in maternal control of seed size in Arabidopsis and rice. In this review, we aim to summarize current knowledge on maternal control of seed size and discuss the roles of maternal factors in seed size regulation (Table 1, Fig. 3 ).
Maternal control of seed size by the ubiquitin pathway
Ubiquitin is a conserved 76 amino acid protein that is covalently attached to target proteins by the sequential action of three enzymes: ubiquitin-activating enzyme (E1), ubiquitinconjugating enzyme (E2), and ubiquitin ligase (E3). The formation of ubiquitin chains of different lengths and linkages can have different effects on the target protein. For example, linkage via K48 leads to protein degradation by the 26S proteasome. Ubiquitin chains can be removed by de-ubiquitinating enzymes (DUBs). Modification of target proteins by ubiquitin has important regulatory functions in essentially every biological process examined in eukaryotes (Hershko and Ciechanover, 1998; Moon et al., 2004; Vierstra, 2009; Bartel and Citovsky, 2012) . In plants, the ubiquitin pathway has recently been shown to play important roles in seed size control . 
The ubiquitin receptors DA1 and DAR1
The Arabidopsis da1-1 (DA means 'large' in Chinese) mutant produced large leaves, flowers, and seeds compared with the wild type (Li et al., 2008) . Reciprocal crossing experiments showed that seeds produced by a da1-1 mother plant, regardless of the genotype of the pollen donor, are consistently larger than those produced by maternal wild-type plants, indicating that DA1 acts maternally to control seed size. DA1 regulates seed growth by limiting cell proliferation in the maternal integuments of developing ovules and seeds (Li et al., 2008; Xia et al., 2013) . The da1-1 mutation causes an arginine to lysine change at the conserved amino acid position 358 (DA1
R358K
). In Arabidopsis, there are seven DA1-related proteins (DARs) sharing extensive amino acid similarities with DA1. Interestingly, knock-out of either DA1 or its closest homologue DAR1 in Arabidopsis did not cause any obvious phenotypes, whereas the simultaneous disruption of both DA1 and DAR1 resulted in similar phenotypes to da1-1, indicating that DA1 and DAR1 act redundantly to restrict seed and organ growth. Moreover, plants overexpressing DA1 R358K in wild-type plants exhibited similar phenotypes to da1-1, suggesting that DA1 R358K has a negative effect on DA1 and DAR1. DA1 homologues are also found in other plant species, but not in animals, suggesting that they have evolved to control growth in plants.
DA1 encodes a ubiquitin receptor with two ubiquitin-interacting motifs (UIMs) and a single zinc-binding LIM domain (Li et al., 2008) . UIM domains of DA1 have ubiquitin-binding activity in vitro. UIM-containing proteins are characterized by coupled ubiquitin binding and ubiquitination, which Nagasawa et al. (2013) ; Yang et al. (2013) usually result in monoubiquitination of the ubiquitin receptors (Hicke et al., 2005) . The monoubiquitinated receptors are active forms and initiate signal cascades (Hicke et al., 2005) . Thus, it is plausible that DA1 might be involved in ubiquitin-mediated signalling processes by coupled ubiquitin binding and ubiquitination. It has been known that the ubiquitin receptors interact with polyubiquitinated substrates and mediate their degradation (Hicke et al., 2005) . Thus, it is a worthwhile challenge to identify the substrates of DA1 in the future.
The E3 ubiquitin ligases EOD1/BB, DA2, and GW2
In Arabidopsis, two RNIG-type E3 ubiquitin ligases, DA2 and Enhancer of DA1 (EOD1)/Big Brother (BB), were identified as negative regulators of seed and organ size (Disch et al., 2006; Li et al., 2008; Xia et al., 2013) . Both da2-1 and eod1/bb mutants had large organs and increased biomass, while plants overexpressing either DA2 or EOD1 resulted in reduced organ growth (Disch et al., 2006; Xia et al., 2013) . Both DA2 and EOD1 act maternally to restrict cell proliferation in the integuments of ovules and developing seeds, indicating that they may negatively affect the level or the activity of positive factors by the proteasomal degradation pathway. Genetic analyses showed that EOD1 and DA2 function in different genetic pathways to control seed and organ growth (Xia et al., 2013) , suggesting that EOD1 and DA2 may target different substrates for degradation. Interestingly, both da2-1 and eod1/bb can synergistically enhance the seed and organ size phenotypes of da1-1, suggesting that DA2 and EOD1 may function with DA1 either in parallel genetic pathways or in the same complex to control seed and organ growth (Li et al., 2008; Xia et al., 2013) . Consistent with this notion, DA2 physically interacts with DA1 in vitro and in vivo, suggesting that the ubiquitin receptor DA1 and the E3 ligase DA2 form a complex to mediate the degradation of their substrate(s) (Fig. 3 ) (Xia et al., 2013) . Generally, E3 ligases define the specificity of the substrates in the ubiquitination reaction chain (Hershko and Ciechanover, 1998) . It is likely that DA2 interacts with DA1 to help DA1 recognize the specific substrate(s) for proteasomal degradation. As EOD1 also acts synergistically with DA1 to restrict seed and organ growth, it is worthwhile testing whether EOD1 could physically interact with DA1. The rice GRAIN WIDTH AND WEIGHT2 (GW2) is a quantitative trait locus (QTL) for grain width and weight (Song et al., 2007) . GW2 encodes a RING-type E3 uibiquitin ligase that shares significant similarity with Arabidopsis DA2 (Song et al., 2007; Xia et al., 2013) . Loss of function of GW2 caused increases in grain width, weight, and yield due to increased cell proliferation in spikelet hulls, while . A genetic and molecular framework for maternal control of seed size. DA1 and DAR1 act redundantly to restrict cell proliferation in the integuments. DA1 and DA2 may control cell proliferation by suppressing a common substrate (substrate 1). Similarly, DA1 and EOD1 may regulate cell division through a common target (substrate 2). DA1 acts upstream of UBP15 and modulates its stability to control cell proliferation. ARF2 negatively controls seed size by restricting cell proliferation in the maternal integuments. AGG3, ANT, and KLU positively regulate seed size by promoting cell proliferation in the integuments. AP2 regulates seed size by limiting cell expansion, while TTG2 controls seed growth by increasing cell expansion in the integuments. EOD3 promotes both cell proliferation and cell expansion in the integuments of ovules and developing seeds. Rice GW2 shares significant similarity with Arabidopsis DA2, suggesting that GW2 might function in maternal tissues. Rice GS3 and DEP1 share a high level of similarity with Arabidopsis AGG3, suggesting that GS3 and DEP1 might act in maternal tissues. Rice GE/CYP78A13 has similarity with the CYP78A family members in Arabidopsis, suggesting that GE may function in maternal tissues to control grain size. The seed size regulators in Arabidopsis and rice are shown in red and black, respectively. The ubiquitin pathway, transcription factors, G-protein signalling, phytohormones, and other growth substances are involved in maternal control of seed size in Arabidopsis and rice.
overexpression of GW2 resulted in small grains in rice (Song et al., 2007) . Moreover, transgenic Arabidopsis plants overexpressing GW2 formed small seeds and organs, as shown by 35S:DA2 transgenic plants, suggesting a conserved function of GW2 and DA2 (Xia et al., 2013) .
In bread wheat, there are three GW2 homologues that correspond to the A, B, and D genomes, respectively (Su et al., 2011) . A recent study revealed that two alleles of TaGW2-6A (Hap-6A-A and Hap-6A-G) are associated with grain size in wheat. Varieties with the Hap-6A-A allele had higher mean grain width than those with the Hap-6A-G allele, as a result of a lower expression level of TaGW2-6A in the Hap-6A-A allele, indicating that TaGW2-6A is a negative regulator of grain size (Su et al., 2011) . Consistent with this, in a wheat variety Lankaodali, a single base (T) insertion in TaGW2-6A results in a truncated protein and is associated with a large kernel (Yang et al., 2012) . In contrast, another study showed that overall knock-down of TaGW2 by RNA interference decreases grain size (Bednarek et al., 2012) . Further analyses are needed to elucidate the role of TaGW2 in grain size control.
In maize (Zea mays), two homologues of the rice GW2, ZmGW2-CHR4 and ZmGW2-CHR5, have been found to affect kernel width . These two loci are located on duplicated maize chromosomal regions that have co-orthologous relationships with the rice region containing GW2. A single nucleotide polymorphism (SNP) in the promoter region of ZmGW2-CHR4 was significantly associated with kernel width and 100-kernel weight, and the expression level of ZmGW2-CHR4 was negatively correlated with kernel width, suggesting that ZmGW2-CHR4 is a negative regulator of grain size in maize.
The ubiquitin-specific protease UBP15/SOD2
The suppressor of da1 (sod2) mutant was identified through a genetic screen for modifiers of da1-1 in seed size (Du et al., 2014) . The sod2 da1-1 mutant produced smaller organs and seeds than da1-1. SOD2 encodes UBIQUITIN-SPECIFIC PROTEASE15 (UBP15). UBP15/SOD2 acts maternally to regulate seed size by promoting cell proliferation in the integuments of ovules and developing seeds. The sod2/ubp15 single mutant had small organs and seeds compared with the wild type (Liu et al., 2008; Du et al., 2014) . In contrast, plants overexpressing UBP15 exhibited larger organs and seeds than the wild type. The size of upb15-1 da1-1 seeds was indistinguishable from that of ubp15-1 single mutant seeds, indicating that UBP15 acts in a common pathway with DA1 to control seed growth. Importantly, UBP15 protein was stabilized by the proteasome inhibitor, and the accumulation of UBP15 was increased in the da1-1 mutant, suggesting that DA1 may affect the stability of UBP15 by the proteasome. Supporting this, UBP15 has been demonstrated to be a ubiquitination target (Kim et al., 2013) . Furthermore, DA1 physically interacts with UBP15 in vivo and in vitro (Du et al., 2014) . Thus, UBP15 is likely to be one of the substrates of DA1 for proteasomal degradation (Fig. 3) . However, SOD2 acts independently of the E3 ubiquitin ligases DA2 and EOD1 with respect to seed and organ size, suggesting that other E3 ubiquitin ligases are involved in the ubiquitination and proteasomal degradation of UBP15. In addition, the ubp16 mutation enhanced the organ size phenotype of ubp15, indicating that UBP16 acts redundantly with UBP15 to control organ growth (Liu et al., 2008) . Therefore, it would be of interest to know whether there are any genetic and molecular links between DA1 and UBP16 in seed size control.
Maternal control of seed size by transcription factors
The Arabidopsis AINTEGUMENTA (ANT) gene was originally identified as a regulator of integument growth (Elliott et al., 1996; Klucher et al., 1996) . The ant mutants showed defects in integument initiation and ovule development. ANT encodes an APETALA2-like transcription factor. Further analysis revealed that ANT plays important roles in organ growth control (Mizukami and Fischer, 2000) . The ant mutants exhibited small leaves and flowers due to decreases in cell number, whereas plants overexpressing ANT produced large leaves and flowers by promoting cell proliferation. In addition, overexpression of ANT in both Arabidopsis and tobacco resulted in large seeds. As ANT regulates ovule development, it is possible that ANT might act maternally to control seed size by promoting cell proliferation in the integuments.
APETALA2 (AP2) is a member of the AP2/EREBP (Ethylene Responsive Element Binding Protein) family of transcription factors. AP2 plays an important role in the specification of floral organ identity in Arabidopsis (Jofuku et al., 1994) . Several studies showed that AP2 is also involved in seed size control (Jofuku et al., 2005; Ohto et al., 2005) . Loss of function of AP2 resulted in increased seed size and reduced fertility in Arabidopsis, and suppression of AP2 activity in transgenic plants increased seed size (Jofuku et al., 2005; Ohto et al., 2005) . Seeds produced by the ap2 mutant plant are larger than wild-type seeds, regardless of the genotype of the pollen donor, indicating that AP2 acts maternally to control seed size (Ohto et al., 2005) . However, another study showed that ap2-10 (+/-) seeds produced by ap2 mutant flowers pollinated with wild-type pollen were larger than wild-type seeds but still smaller than ap2-10 (-/-) seeds produced by mutant flowers pollinated with ap2 pollen (Jofuku et al., 2005) , suggesting that AP2 might act maternally and zygotically to control seed size. Supporting this notion, seeds produced by crossing wild-type flowers with pollen containing the 35S:AP2 antisense transgene were larger than wildtype seeds, but smaller than those produced by ap2 mutants (Jofuku et al., 2005) . In the ap2 mutants, the cell size in the outer integument was increased, and the cell shape was irregular, suggesting that AP2 might control seed size by limiting cell elongation in the maternal integuments (Ohto et al., 2005) . The ap2 seeds accumulated more proteins and oils than wild-type seeds, and had altered hexose and sucrose levels (Jofuku et al., 2005; Ohto et al., 2005) . Considering that the hexose/sucrose ratio is correlated with mitotic activity and cell expansion during seed development (Harper et al., 1970) , it is possible that AP2 might affect seed growth by regulating the transcription of some genes involved in sugar metabolism.
The mutant transparent testa glabra2 (ttg2) produced yellow seeds because of defects in proanthocyanidin synthesis and mucilage deposition in the seed coat (Garcia et al., 2005) . The seeds of ttg2 were small and round compared with wildtype seeds, due to the reduced length of cells in the integument. Reciprocal crossing experiments indicated that the effect of ttg2 on seed size is strictly sporophytic maternal. The ttg2 mutants also showed a reduction in endosperm size due to precocious endosperm cellularization. Thus, it is possible that the integument or seed coat acts as a physical constraint on endosperm growth and indirectly restricts endosperm development. TTG2 encodes a WRKY family transcription factor involved in the regulation of several steps of tannin synthesis (Johnson et al., 2002) . As some products of the tannin synthesis pathway can accumulate in the cell wall and change its competence to elongate, mutations in TTG2 might cause a reduction in the elongation capacity of the cell wall (Garcia et al., 2005) .
Maternal control of seed size by G-protein signalling
Heterotrimeric G-proteins function with membrane-bound G-protein-coupled receptors (GPCRs) to transduce extracellular signals to downstream components in the cell (Hamm, 1998) . The heterotrimeric G-protein complex contains three subunits: Gα, Gβ, and Gγ (Hamm, 1998) . In the Arabidopsis genome, only one canonical Gα (GPA1), one Gβ (AGB1), and three Gγ (AGG1, AGG2, and AGG3) were identified (Temple and Jones, 2007; Chakravorty et al., 2011) . Several recent studies have shown that G-proteins are involved in seed size control in Arabidopsis and rice (Huang et al., 2009; Mao et al., 2010; Li et al., 2012b) .
AGG3 has been proposed to be an atypical heterotrimeric G-protein γ-subunit that regulates the guard cell K(+) channel and morphological development in A. thaliana (Chakravorty et al., 2011) . AGG3 contains one predicted transmembrane domain, one putative tumour necrosis factor receptor (TNFR)/nerve growth factor receptor (NGFR) family cysteine-rich signature, the von Willebrand factor type C (VWFC) cysteine-rich modules, and one INSULIN family signature (Li et al., 2012b) . The N-terminal region of AGG3 shares homology with Arabidopsis γ-subunits AGG1 and AGG2. The short organ1(stn1)/agg3 mutants formed short organs and small seeds compared with the wild type (Li et al., 2012b) , whereas plants overexpressing Arabidopsis AGG3 and Brassica rapa AGG3 produced large organs and seeds in Arabidopsis. Reciprocal crossing experiments showed that AGG3 functions maternally to control seed size in Arabidopsis (SL and YL, unpublished data). AGG3 promotes organ growth by increasing the period of proliferative growth. AGG3 is localized in the plasma membrane and interacts with the G-protein β-subunit AGB1 (Chakravorty et al., 2011; Li et al., 2012b) . Genetic analysis demonstrated that the role of AGG3 in organ size control is dependent on functional G-protein subunits GPA1 and AGB1, suggesting that these three G-proteins act in the same genetic pathway to control seed and organ growth.
Arabidopsis AGG3 shares significant similarity with rice GRAIN SIZE 3 (GS3) and DENSE AND ERECT PANICLE 1 (DEP1), two important regulators of grain yield. GS3, a major QTL for grain length and grain weight, encodes a protein containing a plant-specific organ size regulation (OSR) domain (the γ-like domain) in the N-terminus, a putative transmembrane domain in the middle region, and a cysteine-rich region (a TNFR/NGFR family cysteinerich domain and a VWFC module) in the C-terminus (Fan et al., 2006; Mao et al., 2010; Chakravorty et al., 2011; Li et al., 2012b) . The long grain phenotype results from a single nucleotide substitution (C165A) in the GS3 gene. The protein encoded by the gs3 C165A allele contains a part of the N-terminal region (the γ-like domain), but lacks the putative transmembrane domain and the cystine-rich region, suggesting that the gs3 C165A mutation is a loss-of-function mutation. Interestingly, the plant-specific OSR domain (the γ-like domain) is necessary and sufficient to promote grain growth (Mao et al., 2010) . A recent report has found a new gainof-function allele of GS3 (gs3 del357 ) in the Chuan 7 variety, which has a 1 bp deletion at a position 357 bp downstream of the start codon in the GS3 gene. The protein encoded by the gs3 del357 allele (Chuan 7) contains the N-terminal region (the γ-like domain) and the putative transmembrane domain, but lacks most of the C-terminal cysteine-rich region. Varieties with the gs3 del357 allele (Chuan 7) produced super short grains. Thus, the C-terminal cysteine-rich region has been proposed to inhibit the effect of OSR (the γ-like domain) (Mao et al., 2010) .
GS3 shares significant similarity with rice DENSE AND ERECT PANICLE 1 (DEP1/qPE9-1), which influences panicle density, panicle erectness, and grain number per panicle, as well as grain length (Huang et al., 2009; Mao et al., 2010) . Like GS3, DEP1 contains the N-terminal region (the γ-like domain), the putative transmembrane domain, and the C-terminal cysteine-rich region (Huang et al., 2009; Mao et al., 2010; Chakravorty et al., 2011; Li et al., 2012b) . It is important to note that the dep1 mutation is very similar to the gain-of-function gs3 del357 mutation (Chuan 7). The protein encoded by the dep1 allele contains the N-terminal region (the γ-like domain) and the putative transmembrane domain, but lacks most of the C-terminal cysteine-rich region. The effect of the dep1 allele is to enhance meristematic activity, resulting in an increased number of grains per panicle and a consequent increase in grain yield. However, the 1000-grain weight of the dep1 allele is slightly less than that of DEP1 plants. Thus, the dep1 allele might be a gain-of-function allele.
AGG3, GS3, and DEP1 contain the γ-like domains in their N-termini and possess several conserved residues that are critical for Gβ binding (Huang et al., 2009; Mao et al., 2010; Chakravorty et al., 2011) . Arabidopsis AGG3 physically and genetically interacts with the G-protein β-subunit (AGB1) to promote seed and organ growth (Li et al., 2012b) . Thus, it is possible that GS3 and DEP1 could interact with the rice G-protein β-subunit RGB1. Rice RGB1 knock-down plants formed small and short grains compared with the parental line (Utsunomiya et al., 2011) , indicating that RGB1 is a positive regulator of grain size. As a Gγ subunit works as part of a Gβγ dimer and more broadly as the heterotrimeric G-protein complex, the decrease in grain size reported in RGB1 knock-down lines seems to contradict the increase in grain size observed in the loss-of-function GS3 alleles. Considering that GS3 and DEP1 are atypical γ-subunits, it is possible that they may interact with specific regulators/cofactors to regulate RGB1 negatively in rice grain size control. In addition, GS3 and DEP1 negatively control grain size in rice, while AGG3 positively regulates seed and organ growth in Arabidopsis (Fan et al., 2006; Huang et al., 2009; Chakravorty et al., 2011) . One possible explanation is that rice might possess the factors that determine GS3 and DEP1 to repress grain growth, but the orthologues of these factors might not exist in Arabidopsis. Further studies need to clarify why GS3 and DEP1 in rice and AGG3 in Arabidopsis have opposite effects on seed size.
Maternal control of seed size by phytohormones
Auxin regulates most aspects of plant growth and development. AUXIN RESPONSE FACTORS (ARFs) are transcriptional factors that function as the key regulators of auxin-mediated gene expression (Guilfoyle and Hagen, 2007) . ARFs bind to auxin-responsive elements (AuxREs) in the promoters of auxin-responsive genes through their DNAbinding domain (Abel and Theologis, 1996) . In Arabidopsis, there are 23 ARF genes (Okushima et al., 2005b) . ARF2/ MEGAINTEGUMENTA (MNT) has been known to regulate seed size. The arf2 mutants showed pleiotropic phenotypes, including enlarged plant size, abnormal flower morphology, reduced fertility, and increased seed size (Okushima et al., 2005b) . Reciprocal crossing experiments revealed that ARF2/ MNT acts maternally to control seed growth. ARF2 regulates seed size by restricting cell proliferation in the maternal integuments of the developing ovules (Schruff et al., 2006) . Expression of genes promoting cell division (e.g. ANT and CYCD3;1) was prolonged in arf2 leaves and stems. As plants overexpressing ANT formed large seeds, it is possible that ARF2 may restrict seed growth by regulating expression of ANT.
Brassinosteroids (BRs) are perceived by the membrane-bond receptor kinase BRASSINOSTEROID INSENSITIVE1 (BRI1), and the signal is transduced to two transcription factors BRASSINAZOLE RESISTANT1 (BZR1) and BZR2 that then regulate the transcription of BR-responsive genes . Recent studies have shown that BR plays important roles in seed development. In Arabidopsis, the BR-deficient mutant det2 and the BR-insensitive mutant bri1-5 produced smaller and shorter seeds than the wild type, whereas exogenous BR not only partially rescued the seed size phenotype of det2 but also enhanced seed weight of wild-type plants, indicating that BR positively regulates seed size (Jiang et al., 2013) . The reduced seed size in the det2 mutant is due to both decreased embryo size and reduced integument cell length. BR promotes seed growth by regulating the expression of several genes involved in seed size control (Jiang et al., 2013) . The transcription factor BZR1 directly binds to the promoters of SHB1, IKU1, and IKU2, which function zygotically to regulate seed size. Interestingly, AP2, ARF2, and KLU, which act maternally to control seed size, are also direct targets of BZR1 (Jiang et al., 2013) , suggesting that BR acts in maternal tissues to influence seed size. Thus, it is possible that BR may co-ordinate the growth of the embryo, the endosperm, and the integument through different genetic pathways. Surprisingly, the heterozygotic seeds (+/-) produced from det2, dwf4, or bri1-116 plants pollinated with wild-type pollen showed a similar size and weight to wild-type seeds, but had a similar shape to their respective mutant seeds. These results suggest that the seed size is affected by the BR produced in the embryo and endosperm, whereas the seed shape is influenced by the BR signalling in the maternal integuments (Jiang et al., 2013) . It seems to be inconsistent with the fact that BZR1 directly binds to the promoters of AP2, ARF2, and KLU (Jiang et al., 2013) , which function maternally to control seed size. In rice, mutations in several BR biosynthetic or signalling genes (e.g. DWAF2, DWAF11, and BRI1) decreased grain size (Hong et al., 2005; Tanabe et al., 2005; Morinaka et al., 2006) , while overexpression of a BR biosynthetic gene increased grain size and yield (Wu et al., 2008) , indicating that BRs play an important role in rice grain size control. However, it is unclear whether these genes act in maternal or zygotic tissues in rice.
Cytokinin plays positive and negative regulatory roles in many aspects of plant growth and development. Cytokinin is sensed by three sensor histidine kinases: AHK2, AHK3, and CRE1/AHK4. Although loss of function of one or two of these receptors did not affect seed size, the triple mutant ahk2 ahk3 cre1 had fewer but much larger seeds than the wild type (Riefler et al., 2006) . In both cytokinin-deficient mutants and cytokinin-insensitive mutants, the increased seed size is mainly due to increased cell number and cell size of the embryos, suggesting that cytokinin affects embryo growth during seed development (Werner et al., 2003; Riefler et al., 2006) . Genetic analysis showed that the increase in embryo size in the ahk2 ahk3 cre1 mutant is largely caused by the maternal and/or endospermal genotypes (Riefler et al., 2006) , suggesting that cytokinin might regulate seed size through maternal tissues and/or zygotic tissues. In rice, a major QTL for grain number (Gn1a) encodes a cytokinin oxidase/ dehydrogensase (OsCKX2) that catalyses degradation of cytokinin. Mutations in OsCKX2 increased grain number . DROUGHT AND SALT TOLERANCE (DST), a zinc finger transcription factor, positively regulates expression of Gn1a/OsCKX2 . The DST reg1 mutant had an increased cytokinin level in the inflorescence meristem, resulting in a significant increase of both the grain number and grain size . LARGE PANICLE (LP), an F-box protein, negatively regulates grain number and grain size (Li et al., 2011) . In lp mutants, the decreased expression of OsCKX2 was associated with the increase in grain number and grain size, further suggesting that cytokinin is involved in the regulation of grain size in rice. As DST, LP, and OsCKX2 are expressed in flowers (Riefler et al., 2006; Li et al., 2011; Li et al., 2013) , it is possible that they might function in maternal tissues.
Maternal control of seed size by other plant growth substances KLUH (KLU), encoding the cytochrome P450 CYP78A5, promotes organ growth in a non-cell-autonomous manner, but it does not seem to modulate the levels of known phytohormones (Anastasiou et al., 2007) . KLU has been proposed to generate a mobile growth simulator that is distinct from the classic phytohormones (Anastasiou et al., 2007) . Loss of function of KLU resulted in small seeds, whereas overexpression of KLU caused large seeds (Adamski et al., 2009) , indicating that KLU is a positive regulator of seed size. Reciprocal crosses showed that the embryo and endosperm genotypes for KLU do not affect seed size, and KLU is required in maternal tissues to promote seed growth (Adamski et al., 2009) . During ovule development, KLU is expressed in the inner integuments and regulates seed growth by promoting cell proliferation in the maternal integuments. Cytochrome P450s play important roles in a variety of biosynthetic pathways. As KLU/CYP78A5 regulates expression of several cytochrome P450 genes involved in fatty acid modification (Anastasiou et al., 2007) , and its maize homologue CYP78A1 affects fatty acid biosynthesis (Booker et al., 2005; Anastasiou et al., 2007) , KLU/ CYP78A5 might modify fatty acid-derived molecules to control seed and organ size.
Through an activation tagging screen for modifiers of da1-1, we previously identified a dominant enhancer of da1-1 (eod3-1D) (Fang et al., 2012) . EOD3 encodes the cytochrome P450 monooxygenase CYP78A6. Plants overexpressing EOD3 formed large seeds, whereas the eod3-ko loss-of-function mutant produced small seeds, indicating that EOD3/ CYP78A6 is a positive regulator of seed size. EOD3 acts maternally to promote both cell proliferation and cell expansion in the integuments. Genetic analyses showed that EOD3 functions independently of DA1 and TTG2 to influence seed growth. EOD3/CYP78A6 shows the highest similarity to CYP78A9 in Arabidopsis. The cyp78a9-ko1 mutant also formed smaller seeds than the wild type. Genetic analyses showed that cyp78a9-ko1 synergistically enhances the small seed phenotype of eod3-ko, indicating that EOD3/CYP78A6 acts redundantly with CYP78A9 to control seed growth. The eod3-ko1 cyp78a9-ko1 mutants formed normal sized ovules, but restricted cell expansion in the integuments of developing seeds. In contrast, klu mutants produced small ovules by restricting cell proliferation in the integuments of developing ovules (Adamski et al., 2009) , Thus, KLU/CYP78A5 might function in the cell proliferation phase at the early stages of integument growth, and EOD3/CYP78A6 and CYP78A9 might mainly act in the cell expansion phases at the later stages of integument development.
In rice, GIANT EMBRYO (GE) encodes OsCYP78A13, one of the CYP78A family members, which is required for proper size balance between the embryo and endosperm (Nagasawa et al., 2013) . The ge mutants had a large embryo and small endosperm, while plants overexpressing GE formed a small embryo and enlarged endosperm. Another study showed that plants overexpressing GE produced longer leaves due to increased cell proliferation (Yang et al., 2013) . At the reproductive stage, GE overexpression strongly promoted spikelet hull development. GE-OE plants had larger and more cells in spikelet hulls than the parent line. At the mature stage, GE-OE plants produced large and heavy grains compared with the parental line, indicating that GE/OsCYP78A13 is a positive regulator of grain size in rice. A recent study reported that a dominant mutant, big grain2 (bg2-D), isolated from an enhancer-trapping population, produced large grains due to increased cell number and cell size in spikelet hulls . Molecular and genetic analysis demonstrated that BG2 is allelic to GE. The variations in GE in the indica varieties have been proposed to hold potential for yield improvement. Thus, these studies support that the CYP78A family members play important roles in seed and organ size control. Further studies need to elucidate the biochemical functions of these gene products, which may lead to the discovery of new plant growth substances that can be used to control seed size.
Relationships between seed size control and organ growth
During the past few years, several factors that function maternally to control seed size have been identified in plants (Table 1, Fig. 3) . Interestingly, most of these factors influence not only seed size but also organ growth. For example, arf2 and da1-1 mutants produced large seeds, flowers, and leaves (Okushima et al., 2005a; Schruff et al., 2006; Li et al., 2008) , while sod2 and klu mutants formed small seeds and organs (Anastasiou et al., 2007; Adamski et al., 2009; Du et al., 2014) . Plants overexpressing ANT, KLU, and EOD3 exhibited larger seeds and organs than the wild type. These studies suggest that there is a possible link between seed size control and organ growth. However, seed and organ size is not always positively related. For example, med25/eod8 mutants with large floral organs had normal sized seeds (Xu and Li, 2011) . In addition, several other mutants with altered organ size have not been reported to affect seed size (Hu et al., 2003; White, 2006; Lee et al., 2009; Kawade et al., 2010) . Expression patterns of these genes might be related to their functions in seed and organ size control. Thus, these studies suggest that seeds and organs may possess both common and distinct pathways to control their respective size.
Conclusion and perspective
Remarkable progress has been made in the field of seed size control in recent years. Several genetic pathways have been identified to regulate seed size in plants. However, these genetic pathways are full of gaps, and little is known about the relationships between different pathways. It is still unclear how maternal tissues and zygotic tissues co-ordinately control seed size in plants. We are facing challenges to understand fully the regulatory mechanisms of seed size control in plants. One of the major challenges in the future is to build up genetic frameworks for seed size control and define the molecular mechanisms of the known factors in seed size control. Mutagenesis screens have been very successful for identifying the regulators of seed size, but the problem whereby genetic redundancy often obscures the effects of individual genes also influences screens for the factors involved in seed size control. The use of newly developed genome editing technologies (Gaj et al., 2013) will facilitate the functional analysis of redundant genes involved in seed size control. QTL mapping and genome-wide association studies (GWAS) are promising approaches for identifying novel regulators of seed size. As extensive data sets are being generated by modern biotechnology, system biology approaches, such as analysis of transcriptomes, proteomes, and metabolomes, should help to accelerate our understanding of the molecular functions of seed size regulators. In addition, the mathematical modelling approach has been fruitfully used to understand several growth-related problems in plants (Prusinkiewicz, 2004; Chickarmane et al., 2010; Jonsson and Krupinski, 2010) . It is a promising approach to address the question of seed size control in plants. In addition, seed size is negatively associated with the number of seeds produced by a plant because of the limited resources of the mother plants (Harper et al., 1970; Jakobsson and Eriksson, 2000) . Thus, understanding the genetic and molecular basis of the seed size/number trade-off will help breeders utilize beneficial alleles of seed size genes to improve crop yield.
